DNA barcoding has had a major impact on biodiversity science. The elegant simplicity of establishing massive scale databases for a few barcode loci is continuing to change our understanding of species diversity patterns, and continues to enhance human abilities to distinguish among species. Capitalizing on the developments of next generation sequencing technologies and decreasing costs of genome sequencing, there is now the opportunity for the DNA barcoding concept to be extended to new kinds of genomic data. We illustrate the benefits and capacity to do this, and also note the constraints and barriers to overcome before it is truly scalable. We advocate a twin track approach: (i) continuation and acceleration of global efforts to build the DNA barcode reference library of life on earth using standard DNA barcodes and (ii) active development and application of extended DNA barcodes using genome skimming to augment the standard barcoding approach.
Introduction
DNA barcoding involves sequencing one or a few standard DNA regions to tell the world's species apart. Since its inception in 2003, DNA barcoding has grown into a global research programme involving thousands of researchers whose work has led to the production of millions of barcode sequences. In this opinion paper, we explore the potential for the standard DNA barcoding approach to be complemented and extended using next generation sequencing technologies. Focusing on plants, we highlight the use of shallow-pass shotgun sequencing of genomic DNA in large-scale projects to generate extended barcodes consisting of entire organelle genome and nuclear ribosomal DNAs, along with shallow coverage of single copy nuclear DNA. These extended barcodes are recoverable from herbarium/museum specimens, provide increased phylogenetic signal, and provide a bridge between standard and metabarcoding studies which often use different target regions. They also represent a stepping stone on the continuum between standard barcodes and complete genome sequences, and as sequencing costs decrease, the depth of the skims can increase, resulting in ever increasing data richness. We note the potential for this approach to augment the standard DNA barcoding programme, and although we focus on plants, we highlight its applicability across the three domains of life. We also explore the challenges that arise from incorporating genomic data into high throughput barcoding workflows, particularly the currently higher consumable costs and greatly increased demands on data storage and analytical routines.
Standard DNA barcodes
The DNA barcoding concept proposed by Hebert et al. (2003a) represented a major step forward for the DNAbased species identification. The approach harnessed global community efforts to establish large-scale public reference libraries to allow reliable identification of species across vast tracts of life. For animals, the standard barcode is a 648 base pairs (bp) fragment of the mitochondrial gene cytochrome c oxidase 1 (COI; Hebert et al. 2003b) . The use of COI for species identification and discovery has been extremely successful for the animal kingdom, and the BAR-CODE OF LIFE DATASYSTEMS database (BOLD) contains now more than 4.2 million validated barcodes (http://www. boldsystems.org/index.php/databases; Ratnasingham & Hebert 2007) .
In plants, the choice of the standardized barcode(s) has been more complex. The low substitution rates of plant mitochondrial DNA (Wolfe et al. 1987) precluded the use of COI. As a consequence, alternative barcoding regions were investigated, leading to selection of two plastid DNA regions, a c. 600 bp fragment of the rbcL gene, and c. 800 bp segment of the matK gene, with the recommendation to complement these using trnH-psbA (Hollingsworth et al. 2009 ) and the internal transcribed spacers (ITS) of the nuclear ribosomal DNA (Hollingsworth 2011; Hollingsworth et al. 2011; Li et al. 2011) . The same ITS region has also been suggested as the core barcode region for fungi (Schoch et al. 2012) . Finally, for protists, a two-step barcodCorrespondence: Eric Coissac, Fax: +33(0)4 76 51 42 79; E-mail: eric.coissac@inria.fr ing strategy is advocated, with first involving analysis of the V4 region of the 18S ribosomal DNA as a pre-barcode, and then one or several additional barcodes specific to the different protist clades (Pawlowski et al. 2012) .
Power and limitations of the current DNA barcodes
The great strengths of DNA barcoding relate to the initial principles of standardization ('agreed' regions of DNA so that joint efforts build a shared global resource), quality control (to ensure the library of DNA sequences is reliable) and minimalism (using one or a few regions of DNA to ensure scalability). Despite some initial criticisms (e.g. Will & Rubinoff 2004) , the DNA barcoding concept has been widely accepted and has had a great influence on the scientific community. A search for 'NA barcod*' in the Web of Science on 02 December 2015 produced 12 235 hits, leading to 115 050 citations.
In most animal groups, there is an excellent concordance between barcode sequence clusters and known species (e.g. Meier et al. 2006) . This concordance between taxonomic frameworks and the shape of sequence discontinuities in COI allows DNA barcoding to function very effectively for both species discovery and species identification (but see Hickerson et al. 2006; Elias et al. 2007) . In plants, the situation is more difficult. In part, this is due to lower variation in plant plastid DNA than animal mtDNA, and, in part, due to a greater propensity for hybridization among related plant species . There is thus an ongoing drive to find ways of increasing levels of plant barcode discrimination. In addition, despite the intrinsic qualities of the standard barcodes, there is something of a divide in the 'DNA region of choice' between specimen-based barcoding and metabarcoding studies because of methodological constraints. The latter often uses alternative organelle or nuclear rDNA mini-barcodes that are better suited to recovery from degraded DNA and mixed templates (e.g. Baldwin et al. 2013; Clarke et al. 2014; Deagle et al. 2014; Kartzinel et al. 2015) . Collectively, these challenges mean that the search for improved DNA barcoding protocols is still ongoing.
Genome skimming as a universal 'extended barcode'
Low-coverage shotgun sequencing of genomic DNA One approach which offers a relatively straightforward mechanism to improve and extend DNA barcodes is genome skimming (Straub et al. 2012; Dodsworth 2015) . For plants, low-coverage shotgun sequencing of genomic DNA (= genome skimming) based on about one gb of genomic sequences can recover complete sequences of plastid genomes and nuclear ribosomal regions for 48 samples loaded in the same HiSeq 2500 lane. This approach recovers simultaneously all of the different 'standard' plant barcoding regions, while also providing sequence data from many other loci (Besnard et al. 2014a) , and provide a direct link with all other phylogenetically informative genomic regions ( Fig. 1) . The rapidly decreasing costs of sequencing consumables is now moving this approach from the realms of small scale application to a handful of samples (e.g. Nock et al. 2011; Kane et al. 2012) , to a feasible methodology scalable to 1000s of samples and hence become a realistic proposition for large-scale barcoding projects. For instance, the 'PhyloAlps project' (https://www.francegenomique.org/spip/spip.php?article112), is producing genome skims consisting of six million 100 bp Illumina reads for 6000 samples covering the whole of the Alpine flora. Likewise, 'NorBol' (the Norwegian initiative for the Barcoding of Life) is implementing genome skimming for 3000 specimens of vascular plants covering the arcticboreal flora.
The power of the extended barcode
The extended barcode outlined above has the potential to overcome the limitations of some traditional barcodes. First, the genome skimming approach circumvents the need for PCR. For plants, the absence of a PCR stage means that the sequence data is recoverable even when using herbarium specimens containing degraded DNA, enhancing the possibility of recovering data from type specimens. The whole plastid genome has already been assembled using a 100-year old herbarium specimen of an extinct plant species (Besnard et al. 2014a ). This absence of PCR also has the potential to address recovery problems in groups where universal primers are ineffective (e.g. matK from various plant lineages or plastid regions from many parasitic plants).
Second, the additional data greatly increase the phylogenetic signal in the barcoding data set, enabling a single data set to work effectively for species discrimination and for assessing phylogenetic relationships. Third, by generating whole plastid genomes and ribosomal sequences, the problem of researchers preferring different loci for some specimen-based and metabarcoding based studies is circumvented, as all relevant loci are routinely recovered. Fourth, the additional sequence data from completely sequenced plastid genomes and ribosomal repeats should lead to some increase in levels of species discrimination in situations where a shortage of variable characters is the limiting factor (Ruhsam et al. 2015) . Of course, plastid genomes and ribosomal repeats will not address the limitations in discrimination where hybridization, repeated introgressions or recent origins result in plastids/rDNA not matching species boundaries (e.g. Fazekas et al. 2008; Percy et al. 2014; Ruhsam et al. 2015) . Finally, the genome skimming approach also generates some low coverage data of single copy nuclear regions. According to the distribution of plant genome sizes extracted from the Kew Plant genome size database (Zonneveld et al. 2005) , the sequencing effort for an average of six millions 100 bp reads for each species produced by the PhyloAlps project corresponds to a coverage of at least one-fourth of the nuclear genome for half of the genomes (median of the estimated coverage 0.2779). Although the density of these data cur-rently limits routine recovery of high quality sequences from homologous regions from multiple samples, it does provide initial sequence data which can be used to target further marker development or sequencing of promising loci. Furthermore, these single copy nuclear regions can potentially be used in conjunction with algorithms inspired by Maillet et al. (2014) or Fan et al. (2015) to generate similarity indices between pairs of nuclear genomes, and to help solve difficult situations involving hybridization and/ or recent origins.
Alternative next generation DNA Barcodes
Several genome simplification techniques have the potential to be implemented as alternative species identification tools to tackle the limitations of the standard DNA barcoding method. RAD sequencing (Baird et al. 2008 ) is a commonly used method in population genetics and has already be used to distinguish closely related species (e.g. Hohenlohe et al. 2011) . RAD sequencing is highly effective at generating sequence data from many thousands of nuclear loci, but the need for taxon-specific optimization precludes its use as a universal barcoding approach.
A related suggestion to the genome skim concept we have outlined is that of Li et al. (2015) . This proposes using genome skims to increase the density and phylogenetic coverage of complete plastid genome sequences, and to use this to develop 'specific barcodes' -e.g. plastid loci selected for having optimal variation for individual clades of plants. At one level, this approach has some common threads with our proposal (shotgun sequencing to produce plastid genome sequences). However, it differs fundamentally in that it essentially argues for establishing multiple sets of clade-specific barcodes. This may be practical for monographic studies, but this 'taxon-specific approach' will be time consuming to apply in floristic/environmental sample sets, and it steps away from the principle of barcoding: establishing a database centred on standardized loci.
A more widely applicable method is the use of capture probes (Peñalba et al. 2014; Nicholls et al. 2015) . Probe sets are available for the entire plastid genomes of eudicots and monocots and offer a cost-effective approach for obtaining complete organelle genomes via targeted enrichment (Stull et al. 2013) . Probe sets are being further developed for nuclear markers, and the potential exists for this type of approach to offer a powerful extended barcode. The rate limiting step remains the development of probe sets with extremely wide phylogenetic coverage applicable across the different domains of life.
Challenges for massive upscaling of the extended barcode
The widespread adoption of genome skimming as an extended barcode will be dependent on the efficacy of its implementation at a very large scale, and the cost implications for consumables, informatics, computational power and data storage. In this respect, although the size of the Phyloalps and NorBol genome skimming projects described above are small compared to the 4.5 million COI sequences present in BOLD, they represent critically important large-scale pilot studies addressing the challenges of upscaling genome skimming.
At current market rates, the consumables cost for sequencing one gigabases is about $80, but before the sequencing step, specific adaptors must be ligated onto each side of the fragmented genomic DNA (= library preparation). The cost of building the library is still relatively high. In the PhyloAlps project, the outsourced market rate for the cost of sequencing, including library preparation is approximately $200 per sample. The development of fully automatized library preparation, either using robots or a microfluidic approach (Kim et al. 2013) has the potential to significantly decrease these library preparation costs.
At the bioinformatic level, a large and complex database and an automated workflow must be designed to process and manage this amount of data. The system must include (i) the automation of the assembly of the standard barcodes (rbcL, matK, ITS, etc.), (ii) the automation of the assembly of organellar DNA as well as nuclear ribosomal tandem repeats (iii) the automated annotation of the different assembled fragments, (iv) the removal of potential contaminant sequence reads (i.e. reads from DNA of fungi or bacteria co-extracted with the DNA of the target species), (v) the estimation of the sequencing coverage for single copy genes, (vi) the extraction of reads corresponding to single-copy genes such as the Conserved Ortholog Set II (COSII) markers for plants (http://www.sgn.cornell. edu/markers/cosii_markers.pl), (vii) the automated identification of an unknown specimen from either a small shotgun sequencing, or from any DNA fragment and (viii) ultimately, the automated identification of the different organisms from shotgun sequencing of environmental DNA (Taberlet et al. 2012) . All these bioinformatic developments will probably require the collaboration of several research teams over a few years to design such efficient database and workflow. Some of the needed tools already exist (e.g. Wyman et al. 2004; Liu et al. 2012; Hahn et al. 2013) or are in development. For example, the Organelle Assembler (http://metabarcoding.org/org.asm) developed for the PhyloAlps project is able to automate de novo assemblies of plastid genomes as single circular contigs in less than half an hour on a single core, from c. 70% of the 3000 genome skims already produced by the PhyloAlps project. A final, but important step is to ensure the presence of adequate data storage facilities, (c. 1 gb per sample in the PhyloAlps project).
With these challenges in mind, we expect that the extended barcode approach via genome skimming will be initially implemented by well-resourced labs on projects of a few thousand samples. In parallel, conventional plant and animal DNA barcoding will continue to be routinely used. Fortunately (i) all of the extended barcode data sets recover standard barcodes providing 'approach overlap' and (ii) the well-identified specimens that have been used for the standard barcodes can be re-sequenced to produce the extended barcode when costs and practicalities permit.
One nontechnical challenge that remains (and is somewhat difficult to quantify) is whether a move from one or a few barcode loci to genome skimming will result in increased difficulties in obtaining permits or material transfer agreements (MTAs). The restricted bio-functional information in standard barcode sequences has enabled the barcoding enterprise to obtain permission to proceed under MTAs that constrain sequence analysis to the barcode genes. Even shallow-pass genome skims are likely to result in production of data on genes of functional importance, which may lead to greater sensitivities in granting permits for the export of samples or data to third-party countries.
Application to all domains of life
The challenges associated with plant DNA barcoding and phylogeny were a key motivating factor for the PhyloAlps and NorBol projects to move from standard DNA barcodes to extended DNA barcodes. Nevertheless, genome skimming is in principle more widely applicable to all domains of life. Genome or metagenome skimming to obtain complete mitochondrial DNA sequences is being applied in diverse set of animal taxa ranging from nematodes (Besnard et al. 2014b) , to insects (Linard et al. 2015) and bighorn sheep (Miller et al. 2012) . As of 2 December 2015, Google Scholar reports 168 hits including 97 references for 2015 (search terms: 'genome skimming'). Furthermore, with the availability of single-cell sequencing (see reviews in Lasken & McLean 2014; Liang et al. 2014) , the extended barcode even becomes possible for unicellular eukaryotes, for bacteria, and for archaea. It can also be implemented for composite organisms such as lichens or corals, with single-cell sequencing for the algae to allow the deconstruction of the different components of these composite organisms. As a consequence, the extended barcode based on shotgun sequencing of genomic DNA has the potential of being universally applied across all domains of life.
The wider genomic context
The ultimate goal of DNA barcoding -is to tell all of the world's species apart. This involves sample sizes of many millions. Given this scale of the task -the crux issue is allocating the minimal sequencing effort per sample to achieve the goal. Where one or a few barcoding loci will achieve this task, there is no need to sequence more. However, where full species discrimination is not achievable, where other applications are also of interest (phylogenetics, population genetics), or where the barcode loci are not suited for recovery from degraded DNAs, more data are appropriate. Ultimately, this additional data can extend further and further to entire genomes. This is becoming more and more feasible, as costs continue to fall and for example, a project to sequence 10K bird species genomes has just been announced (http://b10k.genomics.cn). Yet on the massive scale of 'life on earth', there remains an inevitable and an unavoidable resource trade-off between the depth of sequence coverage and breadth of the sample set. The genome skimming approach can thus be considered useful as a scalable and moveable bridge between standard barcodes and genome sequencing. The depth of the skim can be determined by the data required and resources available, and when data needs increase (and costs decrease), samples can be re-sequenced at increasing depths.
This potential for increase in sequencing depth is particularly important in plants. In this study, we have outlined various practical reasons -beyond species discrimination -why it is desirable to use genome skimming which can recover complete plastid genomes and rDNA sequences as an extended plant barcode. However, these organelle genomes and rDNA sequences will not deliver universal species discrimination . To achieve this in many plant genera, and indeed other 'difficult' groups, approaches which enable routine access to hundreds of nuclear loci in phylogenetically disparate sample are likely to be required. As noted earlier, shallow-pass nuclear data generated during genome skims can provide relevant information for marker development, and there is also some intrinsic signal in the data itself. Further studies are needed to establish in which groups, which level of coverage, would give sufficient single copy nuclear data to provide appreciable species discrimination gains, but these additional data represent a promising line of enquiry. And as sequencing costs fall, and read length increase, the richness of nuclear data from genome skims will continue to grow as a resource for species discrimination and other biological applications.
